
Presented in Figure 2.7 arc the resulting base currents obtained

by varying the gate voltage for the transistor of Figure 2.6.

Several conclusions can be drawn from ti-mis data.

a) ‘B is relativel y independent of gate voltage for gate

voltages rang ing from -20 to ÷10 vol ts.  Ti-me tran-
sistor characteristics in this reg ime are primarily

related to “bulk” effects (i.e. , ‘RG’ ‘RB an-id ‘D~~
•

b) To the right of this flat regioni , t he base current in-

cr eases mc hcn considerable depletion has taken place and

peaks when crossover occurs over the entire base surface
reg ion . \s the sun-face is further “dep leted” ‘B diminishes.

c) At higher “BI higher co l lec tor  currents) ti- ic impor-

tance of these surface contributions is reduced , rela-
t ive to the “bulk” contr ibutions .

d) the increase in-i above ti-me “bulk” contribut ions for . 
-

hi gh gate voltages to the right of the peak , is due to

recombination currents associated with ti’me field-induced

depletion layer at strom -mg inversion .

e) The usual interpretation for the increase in I~ w i th

negative gate voltage for n-p-n -i transisto is is due to

accumulation effects near the base surface and depiction

effects near the emitter surface.

2 . 1 . 2 .  1 “Bulk” Base Current Terms. iVe saw in Fi gure 2 .7  that ti - me

reg ion to the left of the peak ‘B value (for n-p-n transistors) was fa i r l y

insensitive to gate voltage until large negative voltages are applied . The
logical conclusion would be that this current includes all i- ion-surface re lated

contributions and thus included all “bulk” -i-elated base cur- i-en- it terms. These
includ e 1RG’ 1RB’ ‘I)~ ’ and 1

CBo~ ~
1 cBo can be a ssume d :e-i’o for this data

since the base was t ied to the co l l ec toi) .  The 1RG contribution at low

col lector currents (below 1.0 mAm p as seen in Figure 2.2) is the predominant
term due to ti -me dependence on
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Figure 2.7. Base current vs. gate voltage ’5 for the transistor shown in

Figure 2.6.
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Using Table 2.1 and Appendix C at low I~ conditioni s, we can evaluate ti - me e f fec t

of each bulk” te n- mm . This value mciii establish a lowe r limit to which all

surface relat ed ternns must be added.

For ‘
~BE = 100 inN

(a) 1
RG 

= 1R6 
+ T

RGe sic

=( s. i x 10 12 
÷ 4 x lo HAmps

-12= 5.5 x 10 Amps ,

where = recomnmbinations in ti-ic E-B junction for ti - me
C projected emitter area ,

= recombinations in the E-B junction -i for ti-me
sm~ emitter sidewall area up to ti-me surface (using

averages for Paramcters) t

qi1AX~ R~nj ~~~~ 1.5/ kT
and I = - c -\inps

i H~
p

n-i -
1

(bi 1 = 1  + 1
RB RB RBe sic

1RB =( 1.1 x io 14 
+ 4. 8 x l0

l
~ ) \mim ps ,

ii.\ W n - 
2 ({\~ - /k i’I) I Bi:jw here 1R11 = c Am nnps ; and

n B

Ic) = I~ +

ihe pa I’ameters u sed to oht a iii the sidewa 1 1 values ioi RB mind 
~ were C~~ t j —

mm m a t c- L1 frommm i c-ri ~ cs i)et m~e elm t i- ic  pi-ojected emitter v :m lucS and those  it  the
s m m r f ; m c e  on Redui i ‘ d c v  ic e  - - ~x I (j I ~ m t  oms/cmnr’ , - e-~~ = (i\ I r’ cm ,

1.~~ s i m i 1 ci imm 
~~ 

= ~ ~“ i0 1 m m t o m m m m c / c r n~~, R~~51 = i  .,~\ i u i - ’ sec 1 
- 

m~~~~~ - . nc m m t — / s e c L

—



1D = (9.4 x lO~~~ + 1.2 x lo~~6)Amps ,

qA D n , CV BE/kT
where I p ~i e Amps.

D (D
p~~)

zNE

The theoretical “bulk” base current contribution for Reddi’ s transistor
—12

is therefore 5.5  x 10 Amps. The measured lower limit base current from
Figure 2 7  was ~~~ x io~~

2 
Amps. The measured value contains mostly “bulk’

contributions but some surface conti-ibutions may be present from the 1:-B
metallurgical j unction intersecting the surface.

From ti-me above anal>-sis , we see that the sidewall reg ion (for
Reddi’ s device) does not make a significant pre-irradiation contribution

except for the R-G term (which contributes approximatel y lO°n). App lying  a
negative gate voltage over the emitter-base surface reg ion increases the

effective base dop ing uchi le decreasing the ef fect ive emitter dop ing. Thus
ti - me ‘U term becomes more significant especial ly in view of ti -me lifetinime

Sw
decrease near ti-me surface caused by changes in the latt ice and impurity con-
centration from processing steps. .-\ lso ti -me e f fec ts  on ti-me lifetime at ti - me
sur face  by process induced surface states mciii influence the importance of

ti -mis term . These f ac t i r s  hav e not been used in the calculation- i of 1U5 mc
This increase in I for large negative gate voltages is a candidate forU 54-
influencing the shape of tine left part of Figure 2.7. This part of the

curve is usua1l~ referred to as accumulation . Other influences commonl y
associated with this reg ion are increases in the RG sidewal l term , increases

in surface area for ti c E-B j u n c t i o n  in tersect ion w i th t i- ic  su r face , and

tunnel ing currents - \1l hut the ‘U and tunneling current cont r i bu t ions
arc related to R-G mccha nismns which could not explai n the sudden i m l c n ’ emmsc

~ ‘B for hi gh negative gate voltages (at lowe-i’ I t:) The ‘l) contn - ihut ion i
B sw

appears to have the necessary dependencies to explain- i t he i nc r ea se s  for

both pre— and post- i rradiat ions an- md for  both n—p — n and i i’~ p t r m m m - i -~ i Stors.
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This w i l l  be seen la ter when the post-irradiation condition is applied

to the gated transistor and wi-men p-n-p transistors are considered . It

should be observed t hat at low 
~ BE in Figure 2.7 that R-G terms donnninate

over t he diffusion terms under normal operat ing conditions (V c = 0).  At

hi gher \ BE S, the diffusion terms dom inate the R-G terms. More work needs

to be done to verify t i-me contribut ions from accumulation . IVe w ill not

pursue accumulation further in this section but a general discussion is

included in Section 2.3 for p-n-p transistors mci-mere these mechanisms are

important in-i describing ti-ic radiation responSe.

2.1 .2.2 I~~ Term. The tern describing the crossover intersecting

the surface is I~~ . Two “separate” leg ions can be considered which satisfy

this criteria (even though the second region can be though t of as an ex te n-

sion of the first). Reg ion one (1) is wi-mere the metallurg ical E-8 junction

intersects the surface. Crossover intersects the surface for :ero gate vol-

tage. Reg ion two ( 2 )  is when 
~~ 

(from gate voltage or oxide charge) has

forced the base surface reg ion to crossover. The general  1s~ 
term ’ is

described as

[ ~
T
BE

~~~ e - 1
T — i ss th
‘Cr) 

— 
Q~ T /~~ 

-

I
cosh 

~(4 
— 

~~ + e cos h 
~~~~~ 

- +

F ~~Bli
i k T  I

2 q n. A —
~~
-—— ~~~ 0 t~~~1-i LC -

- - 1 ) 
~~~~~~~~~~~~~~~~~~~~~~~~ 

_-Jflps
-“ ilL !-- I ‘BE

e cosh 

~
\ - - +

where A ti- ic surface area at potential 
~~

= energy of the sur face s ta t e  in-i t u e  s i l i con  band gap (cV)

U = density of surface states (#1cm - c \ )

0 = ti -me capture c ross-sect ion- i  (cm 2)

Appendix \ di s c m ns ses ti ne dcn’ i vat  ion of ’ ti -mis ten-mum .
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The hole and electron capture cross-sect ions were assumed e Iual

and constant for all surface potentials since little information ex is ts  on

this subject. Thus, = 0 and o = (o 0 ) 2 
= 0n~ 

A lso , as a first

approximation , ti-ic energy density of surface states over the silicon band

gap was assumed uniformnu .

For region (1) ti~e surface area , w here crossover in terac ts  wi th

the surface states , can be assumed to be the width of the depletion layer

(Xes) times the em itter periphery (I~~) . Region (1) has a maximum ~~~~~~ 
con-

tribution even at zero gate bias . Thus I~~ for Reg ion (1) must be added

to the “bulk” contributions that formed the lower limit. 
- At = 100 mV;

(Region 1) = 9.9 x l0~~~ Amps
max

lii region -i ( 2 ) ,  t he surface area under the gate in tim e base reg ion
(A = A( .) is used. ‘ro ob tain ti-me peak base current ti- icon-ct icul value fi-om

F ti -mis region , ti-me gate voltage w a s  m ci-cased to force a crossover mt ti -me

base surfmmc c reg i on under tine gate.

- — -11keg io m - m 2) 9. ,  x 10 Amps
mmm ax

\t t i-ic peak ‘
B ’ 

reg ion ( 2 )  can be thought of as ti - me ieg ion (1) cn - oss ovc - n-
bent over and lying o v en ttc en-it i n-c basc sun-face wide n- the gate .  Therefore -

in the reg ion ( 2 )  I~~ calculat ion- n . n-cgion (I) I~~ does miut e x i s t .

I’he m easured value of 1~ ( region ( 2 ) )  w a s  T x  ~~~~~~~~~~~~ \m i: 1 s  -
- - t m: mx

Ihis corre lates very uccll with ti -me predicted ~~~ in reg ion 12 1 .
- m Ix-

~ \ssume 1) 55 Is uni form over all rcg ionns of the t rans i ~t or due t o  p rocess
induced fact o rs .
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Further calculations (for other ‘BE~~~ 
yield ti-me results shown

in Figure 2 .8. In general ti -me results are in excellent agreement wi th
experimental data.

Both theory and experimental data show a decrease in gate vo l t m m ge

necessary to identify ti-ic maximum contribution from reg ion ( 2 )  f or hi gher
Ti is is sometimes referred to as a shift in ti-ic peak to the left on

the gate voltage (or surface potential) scale. The reason-i ti-me theoretical

curve shif ts to the left vs. is because of the in ject ion of minority

carriers (nj into the base surface regiorm . For higher ‘BE’ n-i s appio aches

p5 w ithout any additional gate voltage . Thus , less surface po t en t ia l i s
required to generate ti-me n- m s 

= p5 crossover condit ion.

-6
10 

— EXPERIMENT
THEORY

A

lo~ - 

~~~~~~~~~~~~ 
V

- / \V
BE =o .3 V

.

10-10 - -

Gate Vol tage ( V o l t s )

Figure 2 .E~. Comparison of the theoretical to experimenta l 1sci ter~~.
’5 The

experimenta l points result from Figure 2.7.  Theory was mn o r r l ized
to agree wi th experiment at V BE 

= 0.3 V.
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The theoretical curve shifts to the left with increasing 
~BE

faster than the experimental curv e as shown in Figure 2.9.  The ~~~ term

defined by Reddi calculates the base current associated with a reg ion where
n and p are nearly constant. The assumption that n5 does not vary

significantl y as a function of distance from ti-me edge of ti-me 13-B dep letion

layer is invalid for hi gher \BE S. The minority carrier corucentration away

from ti-me 13-B junction in the base is actuall y less than at ti-me 13-B edge

due to ti-me surface diffusion length. Thus , a larger  ga t e po t en t ial is

required than theory would predict to reach the peak base current.

This distribution of minority carriers would also account for ti-ic

broadening of the peak for hig her ‘BE

30

— — — THEORETICAL

~ :~ NIAL

16
.3 .5

‘1BE (Vo lts )

Figure 2.9. Comparison of experimental and theoretical gate voltage

shift vs. V BE for peak ‘B~ 
The theoret i cal curve i s

normal ize d to the 0.3 volt  V BE as in Figure 2.8.
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2 .1.2.3 1FJDI. Term. When high gate voltages are applied to a
— gated transistor , the entire region of the surface under the gate is assumed

to be forced into strong inversion . For this condition a comp lete depiction

region has been formed. The base current resulting from ti -mis reg ion was

modeled earlier as

The nnaximum field induced depletion layer rccombination-generation

current , ‘FIDL ’ may be approximated as

.5

TFIDL = 

~ (q 2
~~~ F) 

X d(nnax ) A 1 n~ R e

where R. intrinsic recombination rate.
i

= the surface area hiaving a surface potential
of 

~ ~
Substituting the physical param eters into ti -mis relat ionship produces a va lue
foi- 1

FIDL 
V

BE = 100 m of:

—141
FIDL 

= 7 .55 x 10 AmpS.

The measured value for the ‘FIUL term at = 60 V is ti -me difference between

‘
B 

at th is  gate voltage and the lower limit due to “bulk” t erms d iscussed - ;
in the last section. (Note: This lower limit is present for all gate
voltages.) The n casur-~d term was 1.4 x 10 Amps. The discrepancy

can onl y be related to ti -me definition of the int n’insic rccomhination i-ate
(R i) on’ carr ier concentt-at ion (n i.)  16 mle im r the s unn face of the base reg ion.

It is reasonable to e xpect that R~ is  som ewlm: mt iargei- near ti -me surface than

below the cmi Itci- because ti - me base di f fus ion- i concentration i s higher near

- ( ] ~ ~~~ -d 
\ - is t i- ic e f fec t  ive t-o ium e iii ti - me f ield induced deplet ion layer

~
q —

~
- -
~~ / where I nc a kT/q port ion is : m constant  of integrat ion- i  assu nming

a uniform trap energy di - -tn - ibut i on from 13 to i~~.
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the surface.
t 

If we define the value of R. neai- the sun-face to be R ig ’ then
from the measured value of I , R . 3 x 10 / sec . iVe w i l l  use th is  val uei-IDL is
of R. when discuss inm~ surface e f f e c t s  on I and I. for Reddi’ s da ta .is B C

2. 1 . 2 .4  Other’ Current Terms Related To The FIDL Reg ion. W ith ti - ne

surface inverted ti - mere ex i s t s  a f ie ld— induced depletion layer that has s im i—

lar- pi-opert ies as ti-ic 13—B junction. Ti-ic emitter current from ti - mis extension
of t ime 13-B junct ion can be modeled as;

q . \~; D~ 211

‘EL i DL IV 
Annps

n~~ pV -

w i-mere ~ m m = ~ -~-— e BE carr ie rs/cm~ , an-id
- BS

IV = the “base wid th” from the field-inducedsc
dep ict ion-i Ia\ e m ’ to t i- me co l l ec to r -base  junction - i.

S ince the base dop ing is greater near ti-ic sur face of ti-me base reg ion , t ime

emitter current density w i l l  be less , an-id ti - me area is smaller. This
additional emitter current for Reddi’ s trans istor can be approximated a s :

T
EFIDL 

2 x io lS Am ps (for V 1~13 = 100 m m iV ) .

This calculation shows t hat some new em i t t em -  current may be
seeni at strom - mg inversion. Ti-ic increase is small for t i - m is  dev ice .

‘i’hc bulk base recombinat i o m m cum - n’ent re lated to ti - me FIUL remJon

can be est imm u:m t e d from ;

c~ A .  IV n. ,iV -

‘RBI)L ~~~~~~~~~ ~~ 

c B1~ Amp s = ~~. S x A nm ups.

f ~~~ t~~~ T~ recom uibin vu t ion rat e at t i- me sur face layer  ma be larger t h:mn
in the bulk due to process ing wher e:  ox ides are grow n , c m x ides m no st ri~)ped
of f ,  di ffLm s ion-i runs and d r i ve - in s have punt m m h c d  the c ry s t a l  l a t t i c e .
There can be mane more ‘ ‘ in t r ins ic ’ imp e nfe c t  j e l ls  and t i mum s a h i  pher ra te
than assumed in- i the hal k (1 .5 x i~~ / s ee )
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- ~~. -te S i)  

m - i t  m ‘-

O S  ‘ 1 3 1

l-i
~ 

S

Gate Voltage , .
~~ 

( Vo l t s )

Figure 2.25 (a). Effect of ionizing radiation on the 1 B ~~ VG curves ~t

var i ou s injec ti on levels . Note the increases in the sur-

face and bulk (FIDL ) components of as well as the

changes in the shapes of the c iri’ent peaks (“broaden-

ing ’1). The illustration is cont inued ~n tho next

figure. 7
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Figure 2.25 (b). Effect of ionizing radiation on the vs. V~ curves

at various injection leve ls .  Thi s i l lust rat ion is a
continuation of Figure 2.25(a).7
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Figure 2.25 ( c ) .  An example of high dose effects on the base current ,

i ~B’
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i s re li t  c-i t o  mode- i pee-cl i ct I on~ . Chmm nigu -s in t i - me  mm mg n it ude of ‘mm sc c u r i e - m i t

mu m e ’ ml  iLl ut- - mm 1 mm m i i  cci iii n-el mit ion - n te i  mnnode 1 predict ion- is -

I hu- hUms condit ion - ms dun -n’ n nm g i read  o m i t  iou - n mu-c mi iso ve-r \ m m  ri

for development am han -Jtuu -s s assumm u mmee - screens. 1 iie~ u- iii 11 be- e lI s c m s s e ~i

mi s natural ext  ens ions f the i-model i mug e f  f a r t  . he is ill 5cc - that

ti - ne woo- - i  - c i s c  bUns e o l m c i i t  ion- is  f u n  n — p — n  bi po l mmr u n m u m s i s t o n ’ s  m s sh e t i  t im e  C- h

mummi l  i —  B i sin - net  ion - ms mmn ’ c n’eve -rsu - —b i mused . This con-id it ion-i pu -a dm nce ’ s the mmmxi  nium
f i e l d s  n t i-ne ox ide-  a l l ow ing  nuiore e lec t ron - n—hole-  pa in’s t o  escape g e - n i l m n m m t e -

I’e’coImmi ) i mat  uon mmnd mom - c- ‘‘ ho le— ho p p imig ’’ -

mm last sub j ect in t i - m i s  s e c t  n ot- i (pi ’ocess vmm r nm m t ion - i s ) ,  u5e w ill

dn se ass :m m -e } iimmis m ns that m: m a e -x p l m  in n an’ i de imt if y thu em mi mse - of ‘ ‘ l f t v c r i eb~ ’

~or ‘ out I lc-r s ’ ) -

2 .2  . 3. 1 Shi ft in-mg , Br- tad e- nj u-m g ~‘snd Inc re- me ses in fm t iii ‘1 n : u t m s i i -

ft Base ( m m m r e m m t mm v e s .  Comparin g p r e — i n ’ r m m c i m a t i o n  c u rves  w i t h  p o s t — i  rm ’ac l i a t  ci i tm

emmu ’ vc - s t I r  g:mt cd t r a n S i s t m f t m s  sham es , m s h i  t t  iii~ i f  the p emmk ( a s s e m : m : m i e d  m , m t h

- component ) to limier i mm t c v o l m : e e  (m -it V , = 0 . 2 0  \ o l t s )  for h igh n - i a -  1 011
51) - - hi

close l eve ls .  \ t  h ighe r t i - ne ~ e ifs  shi f ted to l m u n ’ gu n gm m te v o l t a g e -  vc ’ r s m m s

dos e- lu- t e l  . I lK-sc ’ I’C 1 mit ionsh ips mm i- c c l e f  m e d  in- i mom - c’ d c i  m u i l  un - i i igunl’c s

2. 2n and 2 ,  2 .  Fi gum -n-c 2 , 2m- des e i~ i es t he  si - m i ft ing e r s i m s  dose

leve l ton ’  s e t -  erm i 1 Lnpp l ic- i 
~BE 

‘ s mcii i Ic- I- m gL mre 2. 27 dese c i  he-s ti - me si -m i ft n m g

vu- n’sus V hf 
t i e  see - u’ n ’ m ml dose le t -  els.

The model descr i ption- i om 15.) - - m l m m  m~ mm dependency ai m ssnn’fm iec p

t m e l - For increased m m i r f m m c e  n o t e i t  a l , t hu nm mtximimi: i  I - c mi i i  m - dmnt ion usc ’m m m - i ’ C C i i C
ft sO

mit losc u- r m l m i t C  vo l t  m m - u - -- - I rm i j ~~ ecl oxide char gc- mind m nt c ’ r t ueu - n t a t f t m .  e n  t e d  5’-

ioti i: m ug r n c ) i a t  ion wo o nle l increase ti -me s c n m ’ f ; n e - e nil c u t  imn l an- id u- e du ce  t i u  ~1eces c mm e m

L \ t f t .  i t m i l  t y  v l ) i t i e l c - f t f t t i i r e d  to  f i - - m e  t~~c’ s umr fmm e c t ‘ c r 05505 - em’ . iii t ] - i~’c i i c t  -

ica l  n’es un lt is a sh i f t  u- it’ ti - ic peak t o  loi- ;eu- u a t e  v o l t a g e s  t e e  h i g imer  do se-s.
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Figure 2.26. Gate voltage necessary to peak 18 vs. dose for several appli ed

emitter-base voltages. Data is from Figure 2.25.
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V BE — Volts

Figure 2.27. Gate voltage necessary to peak I D vs. applied emitter -base

voltage for several dose levels. Device is the gated n-p-n

transis tor used by Sivo in Figure 2.25.
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The t i meoret ical nnodel described in Section- i 2. 1 f i ts  the exper ium mc - i - m tm i  1 data mit
low -\t higher V

BE ’ S and low dose levels , the model pnec i i c t ion  is a

reasonable approximation. For higher V BE at moderate to high dose leve ls ,

ti - me model dces not appear to contain ti-me correct dependencies Until very

high dose levels (as i l lustrated in Figure 2 . 2 5 ( c ) ,  v e m v  hi gh dose l e v e ls

s how a dramatic shift to lower gate t -o ltages) .

Possible explanations for this discrepancy in-i the model predictions

arc found in ti -me simplification techniuj ucs employed in the term , These

ices- c cised to make it easier to apply to actual devices w i t h  l imited knowled ge of

ti - ne Physical paran-neten’s. For example , ti -me m inority carr i em ’ coneu -mi t numt ion is

assenmed uniform for all reg ion-is cinder the gmnte and dete nuimi nes ti - me assumed

concentration . At low V
BE 

t i-me ~fl~] ectc ee mino -ity carr ies - concent 0- mit ion-i from

t he emitter is representat ive of a u’elat it-ely small lucre - muse and t hins lam-ge

minon’ i ty  carrier gradients do not resun it .  Consec iuncnt is- , lose VBE app lications

Sm ut isf y the assumpt ions utsed in-i the ‘ so te u nm .

At hi gher t BF’ ti - me injected minority can- ic r  conccntn - mmt loin (mn )

from t i-ic emitter becomes m ore substant ial an- mci a larger carr ier g rmue i ient

r esu l t s .  TI-m e V B[: applied mi t  the h— B junction deter m ines n~ at ti-ic base

edge- of t he h-1~ depict  iou-i i t - u t -  e ’ - , In t ine base r’c-gion , ti - ne unninoritv carr ion’

con- ice -n- it o-at ion decreases versuns distance from the j c nnct ion . Ti - mis dec  n- ease

s due to t ime d i f fus ion length of u-lect n’ons in-i a ‘‘ I i_ ty p c ’’ base w h i c h  is

de pendent on l i fe t ime.  Therefore , at on-me d i f f s ns ion lem gth im ito the base

from ti- ic h—B Junnct ion , t i-me ‘‘un-m i formun ’’ m i n o- i t v  emm n n’iem’ concentrat ion - i  used

t f t ft eva lunate l acm u I 1~~ is riot mussoc I muted w ith ti -ne 
~BE 

found by mnsing t i-ne

Bolt :mmiamnn u u l  m m t  I onsh ip at t he ju nct ion- i  edge -

t he applied ‘hF 
s t here-fun-c only repo’ese nt mit i s -c of t i-me imnmed i mite

basu- - a m m f a e e  reg ion n- next to the edge of t he li—B depict ion-i layen ’ , the - mj  rue—

t m mr e e f t m m m l c - t ‘Y ~ i .0 .  , intere l  i g i tate-ui , cin ’cun l m u ’ , etc  - ) a lso  dci ei’unines how

sigm - i i fi cmiu i t thi s nncchan i smn w i l l  be in- i ct - s uns i ng eiev i t - m t  ion - is betwe c - um the model

~‘rc’ ml j u t i lists mm cl c’xpcr i nimenta I ci m nt t - i
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For t i-me 1-most- irradiat ion case it is conj ectured ti -mat i u c n ’ c a s e s  in

ti-me densit’,- of interface s ta tes  wi l l  reduce t i-ic l ifetime at the surface.

This may make ti-me in-minorit y carrier concentration fall off even mon-c severely

versus d istance froni the E-B junction. TI-me g m o te extends over the base reg ion

use - li beyond the h-B junction . Thus , the peak ~~~ may be representat ive if

any base surface reg ion out to ti - me ed ge of the gate. The gmi te  v o l t m u g e  n e c c s s m m m \

to pea k would be determined b an t-i
1) 

that could be assoc i a ted uc i th  a l ow e r

“e f f e c t i v e  V BE” increasing ti -me predicted I-me-ak gate vol tmm g e . Ti-me e f f ect  of

increased surface states fo-om ioni:ing radiation can t hem ’efore be t hosng ht of

as mu lift ing of ti -me i-ire—irradiation cm nm ’ve in - i Figure 2.27 back toward mu

h o n  :oimtm ul line whose ta l i me is detcrmtiined by the lose va l ime . This e t f e -et

is obse rs -ed.  This mechanism cannot however explain the increase’ cii t i c  Cl i i i

above t he hori:ontal posit ion.

A second possibilit y t i - mat m m mv add to the above e f f e c t  rc la es

the assumption that the ra t io  of the captenrc cross—sect ions her hole  S

and electrons (a) at the surfmmee- wm ms n o t  \ ‘c i-s ~ii fferu-u mt fro uum i” m m d  was

o’ad i at ion independent . Using these as sui imu l ’ t  ions a I lom eeci us to s im i n lu l I f t - t i m e

I ten-rn b ci in i i mm i t  ing gi = 1 
~~~~ In m T / i

n
) from ti - ne al’gmunu-nt in t ine

cosh po ’t iOnS of I -
i-i (I

lhen’e is ven t - little clm uta mibo u nt t i-ne n’mmt io of the cr e ss—sect jOtiS

becaunse it is hmmrel to mea s cmre arid fon most app I ic m mt ion- ms , he iimiportant

p :mr m um ui e t em ’ is 0 (m s - hem - c a = ía i )  
2~ The only cim i tmu  found m i t - ms  f o- omu - n Shuft ’ s

n’epou’ t A w in I ch shows mu change in- i e vem ’ s m ns dose f at ’  mm g a t e-ei t r m ns  1St din - lii i s

mm miv m d i  e m i t  c t limit the n-at ios m u umm be c imm nng ing m m s w e l l  which umm a v ch a m mge 
~ 

mmn el

shift t i - ne pet -if.

l~i t h  t h e  mlssunnm pt iorn t hmu i fou- i u e n ’ e a s i n n p  ‘h i ’  the c i ino i’ i ty  e a r m ’ i u~r

con e-cut ct - mt ion i nnc n- u’asu ’s a mnd fo m’ h ig hen’ i t  e v o i t m u g e , t i-ic e f l c - e t i s ’ e - no m o r n i t -

c a r r i e - n ’  con -ic e -nt ni t  ia n - i nc - .u n ’ tI-ic sun nt ’m m cu- s reduc u-cl , t hen t he f t - u t  c t o  i t  ag e -

requ ir e - cl t o  force the m - m i rfmic ’u- t o C m ’ O S s c ) V u ’ t ( m t - md t hin s 1ieak B t S  l ine- cl mete- cl

i’ ti
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to decrease for higher V B1 . Radiat ion e f fec ts  (inc l-em ise in posi t ive surface

potential) shoinlu mmccent t i - m is  decrease ve -sus

The muhove tw o  poss ib i l i t i es  assume the onodel is in a correct am- id

complete form . \ mmot he r poss ib i litY  15 ti- mat sonne as yet un- ide-fined radiation

dependent mechanism is influencing t i-me experimental data.  (Observing Fi ginne

2 .27 , see conclude t 1~~~t ob v i o u s l y  some physics is missing in ti-ic present state-

of-the-art descr iption -i and understanding of ioni:ing radiat ion e f f e c t s  in

sem iconductors).

I~c hmu ve mm m oul d that , os-hen sinnp l ified, can be u m sed genera l ly mut

lose V BI
. or at high V hF (low dose levels) without introclunc j u g  a s i gn i f icant

devia t ion fron ts the usoi ’s t -casc experimental data. Ft- or t i-ic other cm mses ,

the di scu -epancies unust be n’eso lveui before app lying t i- ic utmodel genen’al lv.

Sin ce the discrepancies mciii rcciuire funture woo’ k , we w i l l  linit ouni’ ciis-

cuss io ns to the low V BE case fom’ t his sec t ion  arid show how ti-ic tei’un s

exp la in  ot her features of ti-ic expci ’iminentmm l dm mt a

\long wi th ti-ic si-i ift lug ,  m-n broadening of the pet -sf associated with

t he- cont n- i bs mt ion semi s obsert -ed. The broadening mechan I sum is co nut m u m e d  in

t he I nnodel t- Ia \ mind . TI-me interp lm mv betuceen N - arid -~~ - mus icc- il asso ss S - m~S
the ii’ indiv idua l d 1st s- m utt ions change mis a fusnct ion of dose. For a non—un —

form disti’ ibu t ion-i of surface potent in I , u~um would not expect a sharp peak
for I Some s i ms - face  mire - mi s sc i 11 reach c rossove n- mci t in mu si- ic -cl fie mipp l icd

‘ m i t e  t o  it m u ge  ushi 1 e othen’ i- c c  ion - is  would hmmvc scu m- ft - ice potent imil s that w i l l

co nn-es pond to ou mu - sidl e’ om ’ t i - me otheo ’ of the pe;nk. Ti-ic result is  a “b ro m mci cn i i mg ”

due to the st ru ne - tu ne -  influence- s on I~~~.

ft ilroadeni in - m g can a l so  be caused by t i e  increase in- i s ur fmmee s t a t e s

ciue t i  i on i :i ng  n’ m n c l l m u t  ion. Acco rd ing  to Fi gunre .I e , high dose ie t - e l s  w i l l
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et -em otua lly I-mull the sun o ’f m mce potential for each bmu e e s inu’facc reg ion to  c r o s s -

over regardless of the oxide charge distribution. The m- esult w i l l  be mu

rnaximutn ~~~ contr ibution independent of ti -me gate potential - This t m - a n s l m m t e s

into a broadening so seven -c that the ch mmrms ct  - i s t i c s  of the prc—inradiat  ion

curve  are washed ou t. Fi gure 2 . 2 5  shows th is  effect -

To confirm these predictions , Sivo used a transisto l- in 1-mis ~ t- it e-cI

trans is to r  expeu ’ imi-icnt t hat me t - e s processed m eith a high initial oxide chai-ge.

The g mu t e was placed over pmmrt of ti- ic base surface area next to the h-B

junction (the same as for the previous expe nimm ients) . For the pre- i-n’-n’adia-

t ion case , ice ca-n- i assu utoe t i-mat t i - mis ox ide ch m n u-ge is distribunted unn i formis - oven’

t he entire base surface reg ion. he uso un id expect that this buil t- in sui m-face

po ten t ial (~~~) would muct like a “b u i l t — i n - i” g mm te vo l tage in ti -me e t p C F  i m i e n t a l

data. Figure 2.28 si-mose s ti-me resu l ts  of S ivo ’ 5 expeo’iune nt uss ing t i- m is s t m’m ne tu mre .

For increasing dose levels (unp to ip6 Ra ds )  - t i m - -  pet-if is not

broadened due to ti-me re lat ively small i-adiat ion-i induce-el non - u n i fom emm ox ide

c harge distnibut ion-i added to a It- urge process induce -cl un-m i fo runi di St ru m t ion .

TI-nc onl y e f fec ts  o f-  ioni:ing rad imu t ion on this dev i ce  shounid be dune to

increasing surface s t m m t e  density ( N~~ I . The ter om shounlul in - net - ease mci ti - n

radiation for each u’egion of ti - me base surfm uee ao’ea .

A f ter  ins- ct ’ s I on (at 1- mi gh gmute - voltmi ge ’s) , t he increas e due to

rad iat ion-n n’ e-su l t s pam t lv fs’oun the contribumt ioni lu i r  ti - ic u’eg ion at the c u d  
ft

of t i-me g ms t c  where the crossover is forced bac k to  t i - me sur fm iee and seheo’c ml

un i f ormun I n c r e m s c  I n n N - ne - cu t -n -s - The w i d t h  of I P s s u m r fm mcc m mr u -a IS m m f fee Ccl
55

bi-- ti -me fri um g lim p fields at ti - ic - end of ti-m e ~atu ’ - ( - the n  cant n’ii n nt i ‘ iu~~ i t -  eamu-~

from I when the lie- Id — indcj ’e side - nt bun i ldl —u np of N - - c hmmn ~ge s I T t -  - s um n ’ t ’acu ’
55

Ii fetinnc in tine- cmi t t c r .  
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ft Figure 2.28. Example of the absence of substantial rad iation induced

broadening of the ‘B peaks in a qeoup of transistors which

had a high initial oxide charge .is
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Let us now use ti-ic model to predict the unagniteude of the- n’espe’m ise

of ti-me gat ed transistors, he must f irst establ ish the lou s e r  l im i t  on t h e  base

ceurren t for these tram -ms I t--tors clue to ti-me “bunik” base t e ras  ~~~~ l
~~l~ 

and

Table  2 . 3 defines ti - me physical pa rametu- rs .  For ‘BE = 0. 2n vo l t s ;

3 \~ / 1 ,3
TI .\ R ,  n . BE

C L  s i — 1 1I = — - —— — -- - ——
~~~~~ e = a . ( u x 10 Amm sp s

ft It-IC
I t - Ii

in --
~~~
-

n-m i

c~ A 1V n~ 3b i lIE -14
= — e - . 4  x 10 Arpu s

~~~ T N- 
i-i 

‘ Il

q -
~ 0 riT - -e- p i Bim — —= 

(0 T~~ mL p~1 

e = a.  - x ii) A ’ . im us

The predicted pre-irradiation lower limit of base- cunrrent is the simm

of t hese terms. ‘BEL 3.6 x io
_ 11 

An-nps. T i-me nneasui-ed lois-er li’mit (ass um rued

to be the minimum value on Figure 2.23(a) for :ero raul immt ion) seas found to

be 2 .4 x 10
_ l i  

~ mps The mneasured and predic ted values compm ne- very wel l

cons idering ti-me uncertainty in somnc of ti - me pI- iysica l  parameters mussumed for

these transistors , es pec ially R1. he must subtrmoet ti -mis lower limit base

curren t from the tota l  base current to  es t imate ’  t i - me contribut ions f ro rm su mr-

face terms in-i Fi gures 2 .25 mun d 2 , 2 8 .

-\ mm ot h er tern -i t hat can be- ~-~t-~smnt iec l to be contrihunt in-mg to th is  pu-c — i v —

rmt diatj on lower 1 m mii is for the- sunrface o’e-g ion where ti - me [_ i  deple t ion
lmu ye - r in t e r s e c t s  ti - me sun-face. This is ill be ct - n i led 1so (1

~ 
‘ Bli ’~~~

I = 1/2 q nn . -\ a - u N 
- e Aim il lu—

SO(l) i (1) th ss

= 1. 1 x 10
1_ 

\mmm p s ,

CO
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w here A = P y (cm ) = suit  nec’ area over F— B luiilet iOn
e c-s 

-

intersection w i th  sur face - .

does n-not make me signif icant contribution to ‘ Rh 
for t u e  pre-- in ’ radi-

ation case.  

ft

The peak ~~~ contr ibunt ion for tI’mc trans istors in Figunre 2 . 2 5

(pre— irraeiimit ion) is;

~ 
V~~ / 2

1/2 ci n
~ 

, ~ V~~-m 
N C - -\nmps

= l .b X l (i 3 Aim u ps .

ihe mu m emmS m mm ’ cei va lue for t m t - c  pemik was :upuuiox i a rt  It 1 .4 x I i - 
Am ps ush ich i s

ui cxc c- I l  - mt - mI t u- c -v t - r e - nt .

f m n - m l l V , fo r  the reg ion of  base cut - n - i - em - mt mit mm ~~h ga c’ t c i ~~T t - -~~ s s

t i e - i L  tiie It- t ilL tert sm us umax ut- m i - u ,

1 - - - ~~~~ - - -

~~ ~ 1. , 
-

- 
It - I f l L  

- -( Im~~ -~ 
- ci ~~~ 

~ 
‘I1~~ 

-

— I s )
= . S x 10 - ut- 5 - s .

The nm~- t -msu -ed v m m l m m c  m- , m u ~~ npp rox i it -m t -itei Y t i e  s t - l i m e  l’hum s is mTh t b — c p m - v s 1  c m u ~ ~m s u  m i ui ft ’ ut - t~~

mi ssiuricdi ~at~ Sivo ’ s dev ice - S and the iC  ~-L~5 - m c  ~~iI -~ t i  in r u m n l a ~ -_~~~e u- m t - m m - .

mIe -scr ihe et - mJ ( l  1 m u ’ e—iu - u’ad i t- nt ion °~
‘
~ 

bU f t i  u (  I u t -  -c 2 . 3 .

i’ o-~t - i i ’ Ft - ic i  it - i ’ iOfl , t to e- I i f t f t ’ cf t ) r e rf to s ’e  ut - f t i t - u i f  I C\  C c i  m u s e  f l i f t

bi’~it-udcn ing l I me- t i m  a nuu ft ft~ ui mu i form e i i 5 ’ l’ ui ’ u t eon of oxid e chmu rge ~nut J sunfu ‘C

bu~i id—up ovet’ ti-ic hm ise sus’face ret- - m m  \ l s o  t I m e mm inori t~ e-~mr - i’ i e ”  Cu lt ’  ‘~ ‘ - t t  o n

-c ad lent be e - au-me - mm mao u-u- SeV e i ’ e ankle i i  o n  up t i e  inn i ho i- mt - i cu ’ ’- Icc cc i t t - cent  i ~~ 5i’m 
-

ft

t - m s S m i m t - t - ; m I  ion .
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If we use the b u s  dose lcvu’ ls of l0~ to lO~ Rads , ti-me broadcn i m m g

effects mire t -u in jnmi: ed. For mm dose level of 1 x I0
4 Rads , Sivo mea sm ur c -s

the ~ N to be ap lu roxi ni m utel u- 1. 2 x io 10 s t m i t e s / L-ni bc uisin” ~lOS s t ruc tu re - s .
55 - 

10 
- 

4
iVith the u-- alume of 2\ of 3.n x 10 s ta tu - s/ c un Ion’ 3 x 10 Sacl s , ~~ peak

at a dose of 3 x 10 Rads scou lcl be 1t - r ed he t e d  by ti -mu ’ model to  be fo im i’ ti m es

t i-mat lou- pre—irradimi t  ion . P e  mist - u i - ed v f t m lne s si-nose a f a c t o r  of — 5 , 1- increase

r im - i the pemm k 1B~ 
lious t i -nc ’ rt - ie l i t - i t i o n  u - s t i m m m m u t u - s using t i - me pu’t - m k ~~~ te rn  mi t - c

y e - nm good ~ut low dose.

The t i s o : m ; f t f t u m t m i m t  p a r t - i r e - I  e m s  that detu ’ r mt - t - i ne t he  l i t - use ccm r m ’ e uut  are
the su t r f t - m c e l i lt  e n  t it - ui 

~~~~ 
t-- mu oc i t i - me in - i tem - f t - i c c  (suu’facu- ) t-~t mi te ’  den - m s I t~~.

t his t in t - me -  t i - ic - se  pt- u - m i t - c - t e n s  m t - mist be est imui a rc -d in ordeu- to app I~ the m:mft f t d c l

m is a humo’dnu-ss t - u s s e n m ’ m s t e e  t e c h n u i s i m u c  \s o n e  t- ipprox mmn t iorm , is i  t - i 5 ’ t - i t - t - m e d  t hmm t the
l n te - m -  f ace  s t m t  e- ch it-ins i t~ hum i Ids it - n  r it h t i - me St-on e lie lel e le l f t em mdc - nc e mu s t i- ic

tn ’ mm p pe ’d chan c e ,  ihe- m’e -sunlt  l i t - p  fiel d—dep endent smiu - fmm ee ’ potent  it- i l e l i S t t ’~ hiit Is - i t - n

I ps ’csent ee l e’ m m n ’ l ien -  i em Li gnu-c’ 2 . I ‘ ( m m  ) I u smu s u sc- P i i i  detcn’mim o l i mp  ti-me m m ddu- el base-

cur rent resu lt  i sip fronm ionizing o- ad i mmt 1am for an unngatcd 2 52222 t i- t - u um s ~ S t f t u - .  By

assunsing a simple mnpproach fon’ add lug the cont r i but ion s of I~~ and ~~~~~~~~ 23

c i  u’ct n lm ur ring -i c - p i t - m u - r u t s  of ti-mis d is t r ihu t t ion  vs d i s t m m t - c e -  (t) f i-o mi the [—B i c mnct io n .
an est incite of A l B for this 252 222  uuod c- 1 m et - us oht t-oinec i m e  r sus  c i t - s c ’. The m u- e r j e t  ed

f ic ld—depcndcn t sm mr f muce  contrihut ion to  ‘B is shown in i t - i r u t - r e- 2.20.

‘ihe on-m i y experiment m u mba t mu Ion- e-om iopari 50fl O s t - i 5  t’o’out- i ti -me it -m u ted device -

(of time - samtic type) show-n in It- igun’ e- 2 . 2 5 .  i xpc - r imentmm I dm u t  a from th is  figunre

produce-s l - igun rc 2 . 3 0 .  Ihe vt - u  i m ic s ucere- tmm ken i t  \~~
_ = 0~ In e ft ft - ip m mr limp t ioc ’~ c-

two ii g m i n e - s  , ms c’ see ti - nt - m t t i-mu’ rmmt e - of bu ild—up of fs e -l d de l- me -u -mule - s- it i nte - r ’f ae u-

state-s is tft ft u f t  sloi- , to e-xp l t - ilnn ti - ne - sumbi in l et - mu’ line e\~f t e s ’ m l t - e t - m t  a l ly  t ft u mm nd. 
-

-

~ \mm muss m mmm iu - ~I nu b fun -it -i o f i x ~~ I 
ci-na i - me s /e - n i

2 
mi n d \~~ at’ S \ 1 m m  s tmite -S/c m

1st - is used I’or he p u - c - — i i- u - m i d i t - n t I diii conci it i oni -

One mt - n i - l  rc-~i m c ’ ut - i he ’r t i t - i t  mci - m en - i e - ul r m i f t m u r in u -, p t - m t  ~-J I ra u m. i i S t - o r  l i t  i ‘ o mode I
pu-ed let jon s i- it -n S u’ ei (in t - m n - n  un i t -  ~u u cci t s’ mn mn s I -it  on’ it -macic ’ I . time - pt - ut e- Os I II mic e - c- mi t
m ine p i e - d i e - t e d  i t - u i u nes -
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Figure 2.29. Predicted change in base current vs. dose for the ungated
2N2222 transistor model using only field-dependent bui ld-up
of and for doses greater than i04 Rads.
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Figure 2.30. Experimenta’ data from Fi gure 2.25 at V G 0 describing
the change in base current vs. dose for a gated 2N2222
transi stor.

By taking the total number of surface states under the gate , we can
deternt iine LN55/dose used in the field—depen dent curve (Fig. 2.29) as
equal to 7.2 x i03 states/cm 2 - dose.
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By counpau- ing the- to tal  change in- i surface - s t a tes  nnem nsu rcd by S ic ’o
10 4

~~~~~~~~~~~ 

= 1.2 x 10 states / cmn mit 1 x 10 Rads(Si))  to ti- ic f ie ld -dependent

~\ modeled for ti-me ungated t rm ln sistor , a conservative f ield-independent

2.5 estimate seas obtained . ‘Fl-ne same- techni que ieas used m it 10~ Rads on
t he sam e data resulting in a consistant value of ~~~~ (field—independen t)

per dose . This worst-case field invarient distribention was added to t i-me

field-dependent distribution and mi new predicted value for oct -u s obtaine d .

If we assume that ti-me field-independent production of surface s t m m t e s  i5 linear

with dose , Figure 2 . 3 1  is obtmmined . The ef fect  of ti-ic f ield- indepenuient buuild-

Up Ofl the surface area beyond the gate m e t - us a lso inclucied in the ea lcu n lmu t i on ,

The added field—independent su i t - f t - i ce  s t m u t c s  cm meise  
~ 

l~, to i u t - e r e - m i~ c-

earlier with dose and actinall y cross through the data curve (se-c- F igt - t - m ’e 2. 32

Since the increase in sum-face states (at higher doses ) has time e f fect  t o

“hold” t i- ne - surface potential at cros soven ’ , the predic ted curve f l a t t  en o m ot

at very high dose levels.

The rate of build—up is appt-urem -mt ly too fast mis e~ hib i te-cl by t h e

“satura tion ” at 10
6 

rads . A smaller field- independent m l  eu - ft -i ce s t a t e

production rate and t i-me aduiit ion-i of any f ield- independ ent t i’a Im I ie - cI cix ide charge-

build—u p should result in a better compari son w i th  ti - me - elm ita. Both of these

est imates  mc iii  hav e to  be defined h~- further ~I0S stu d Ies  -

I a  ( l u t e - i t - u i  ne- if unngatcd t r m n m o s  1st ot ’ s wo inld compare nmo n ’e - ( m i v ou - m mb l v

me it i tim e’ nnnodc I pu-cd let i on- is (mclii el-i em - mm I m i t - u t  e - ci t hu bm m s c emit ’  c r i t  fc~ n’ : ur i  m i t - m i t

t r m m m n s i  —1 o r ) ,  m m n m ot he - m ’ p iece-  of u l m i t t - i  is pu-csu ’ nmtcd . ih is  d mm t a  m’ep ru’se’nts ml

group of i t - m i i- c l-i i i  ci 2 ,\ I ul 3 t n-an - is i s l a m ’ s .  ~ Ihese d c i  i ces  mse m ’ e unsu’cl by Si Va

to s how t i c  e i t ~~’e’ t a t ’ t i-ne hi as lu-at- i t i - nc -  ed-i i l e e - t  r —b m m u-m u ( C — B )  j mnflet lu - mu - n on

t ine base- e m I t - n e - t n t  i n n en ’ u’asc clime t o  i a m m i : i m - i g  m’ mme t t m n t  iou- m .  Ti ne hy p o t h e s i s  t i - n t - u t

t i-n e I —  [I j u u n c  t ion t i  elds ct - n n- n ex t  u- n- mci in t a time amb i emi t m iboi - u’ t i-ne- ‘hj  p m m ci lu - i—

e re - mis c t he den s i t o ’  of  ho ic- s I 5 5 )  cet  Cci l i i’  t i - nc ’  u m .\ ide occ i ’  the base sun r i m m e c
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Fi gure 2.31. Predicted change in base current vs. dose for the ungated

21-q2222 transistor mode l using the field-depende um t build-up

of and plus a super-position of a fie ld-independent

1.2 x io6 states/cni2 per dose.

1-

Dose (Rads(Si))

Figure 2.32. Combination of gated transistor experimental data with two

cases considered by the model for an ungated transistor of the

saim -m e type . Field dependent (ED) build-up of and ‘

~~~~ 
are

considered with and without the addition of field-i ndependent

(El) bui ld-up of
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rep ion s et - m s eon - n f l  s’niue-d by pu-el ious h3oe irig e \ I ue -  i- i t - m e - s i t s .  I I i ce -  mm ssummi e t ma I

Ion’ t i-ne m uct i ye device , a large reverse - bias is mm i m l m lied to ti -me C—B j e um let iou- i
mumwi t int - it  ti-me add I t i ou-ma 1 hoic’s i u-nj c u e - t e d immto  t i - me base’ ne-p lelti o x i d e  b~ t Ile C—B

i dinction field effects we re distributed un iformly , ti-men ti-me effect of the -
C-B junction is to add a large un iform (E-B field-indepen dent) build -imp of
‘i - to  ti-me bm m se ssai’t’mm ce ’ re” i on-i . i t - i  gure 2.35 shows ti-me o’est -s Itt -tnt ci i t - i n t - :  e- lu - ist - -~ ‘ - -

base cumr r u -u mt  for ti-me- mme - t  I vu (bit - ise-d) and pmi ssi t c -  tcmnb i t - t~ c’d u irraci it-stion hi mis

con - md i t iomns. Den t’ mi ssd n muu p t i a m o s used to obt mm ito ti - me cung mut c-el 2 5 2 2 2 2  ut -mode’ 1

l)ucdi j e t  ion-i (it -D + i t - h )  curve in i t -i gure 2 . 3 2  appear to f t C  reaso nm mble- ce - i - n - ms idering

that ice used a conservmit lye- lie Id indepe-ncic-mmt bun lcl—enp of ’ N - ‘l’he t nt - mb m t - sss
ex per inmmentm t I d a t  mu for the (Pm irchi Id 25 1 (-i 13 sha mes t ha t  the m i et t imm 1 dependence

of 2 i  on t he htn I I -~i—u p of Q and S I s somewhe re betw een t i- ic m i~-i 5 i i t - f t~~t on S atB ox ss
f i e l d — d e pend ent ttuechan is mmis only and t i-me middi t ion of lm i rgu - f i e l d — b  m m J e : f t c I l ~ l e t - : t

m mmec hm snism s . The dat mm m m !  so si-mose s timat to pu-ed let ti -me m sarst —ease clegi’admit ian

to the DC pa 1mm lou’ t - i oc ( e u - m m t u dose Ic - y e - i s, l mi u ’ pe Ii d cl — inde-penuu ient m e - el - mt - mm - i  i s t - mi s

nudist be- ass unmec i by ti - ne ’ ci t--m u’ r in order to mice -aunt for p o s s i b l e  C—B ,i mIne - I ion

e f f e c t s .  T hen-efore , Ta b le  2.  2 can- i be used mci th t ie nm -node I to cmppc - i’ bound

t he b u g - t e n - n m  ioni :ation e f f e c t s .  if sun pp lu’ mmu en tt -n I i n f o m - m t - i m m t  ion i s  h~mm osemu

m n boint t i - ne eley n e c -  const n’ u mct I on ( i . c- ., t ime mi n i m e n t  i n the cleV i ce  i-it- i c f t - i c m i i m o v e

the- chip is n- not conm e lmue -  lye  to ion i :mn t io n e f f e c t s  ou’ a mus e - I t - i l l  i :m it io n  I t - iven ’

IS p i t - Ice - e l  ove - m ’  ti - me C—i t  iem net ion- i ox ide to  r e- s t r i c t  t he c - s t  e n s  ion of  the -

C—it  mo ne t  ion - n fm eld 1 in - ic - s  above the ox ide) ti - ne - ut -  thi S mici d it lo u t -u i eofl sei’ vmm t i ye

approach can be relaxed .

By t ns in- mg t i - me d c v  icc- ci t - i t t - i  u - e l m m ’ u f t s e imt ec i  i n s  it - igum ru’ 2. 2S . est i t - mt - mt es C t - In - i

t - I I so be ma c i c’ o( t i c  ~ f f u-e - t  s fn’ oit -~ is - ne - i - c - mm s j u t - - v t - i  1 tic- s of S - . he- device ’s
- Si—

re- presented in - n  t i - m i s  fi t - m i re  i- it - mci mn h i t - l i  o x i d e  cit -u i -n e i’m ibn ’i c a t cd in - mb the d c - v i c e -

1 m s m - m m m m m e’ ei m m m i t ’ou ’ i m m ( t i- me p rocess  I mncin neu ’ ei sumr fm m c ’e s t  t - m t  e c i t - a t - s i t  i s t - i S  mm nk u n o m er m -

\ t  :e- ‘o m t - mit e vol t t - m pe , t i-ne p u - c —i  t~n~m mc l it - m t ion ox ide chan ge ht - i s forced the ’ emi t  i c ’
hm mse su u- t’mm e e reg ion to e- n ’ miss om en ’ . I heo ’e to i ’ e - , 1 S~~I~P i \ )  ~~~~~ u-~~d l f t t ion is

L 

j t - i f t i e - l u dft f t m c i t of  the gm m te a u - c t - n t-nnc i ti-ic - t nn ’n i  t o r t - i  ht t i  i t  — in (ii d ’5’ lie ’ e- f l t  i ‘ c

hmm se- s’ u’~-
_t- Ion s ct -inn be appn’ox i usiat e-d - lIiu’ m t - t -  uj e  I pu-c -c ) i ci s
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Figure 2.33. Ungated transistor experimenta l data for a Fairchild 251613
device type. 3 7  Biased condit ions refers to the dev ice  being
active duri ng irradiation . Unbiased refers to the passive

condition . Note tha t the ruieasurennent bias represents a higher
V BE (i .e.,  V BE -~ 0 .5 V o l t s )  than for the 2N2222 data presented
in Figure 2.32. Al so , this device type showed a large C-B

junctin’ ’ effect.

~
‘SO (l ’lm \ K t 1/2 q n

~ ~~ 
° S e

4 . 4  x l0~~~ N - ~uops ,Sm,

w here A 1 A~ ~20P

lie measured ~mu - m m k ~~~ ~it - i guire 2. 2~ ) 1st - I S t-mpp ro\ l i t - I t - i t  e’ i V  I . o x I t S  
I mi 

\m: ps.
‘Ii is inul iemites ti - mat 5 (0 )  

~ - 3. 8 x lit - ’ ~~t m i t es/cm an-md untipi ic-s t i a t  in- i t I - nc -

‘ ‘ilue mum - c-mu of the- base- s m u u - f t - se e- reg ion f u r  th is high ox ide cl - it - u u- g e ct - i  sc c it - be
approx i t - i t - i t  ed by assu ;miu ug ti - it - ut th~ ht - m s e -  cm mnl ’ e m it e m i t - i  es to t i- ic- l e f t  of the -  j ) Cmi lS

am ’ e t he result of the pt - s te  vol t a p e -  eoen nte r ing tim e html 1 t — in oxide chat-ne ut - ne ic i ’
ti -ne m zmmtc. ( l i t - m s lo s- ti-me pn’c— irrad I t - m t  ion ct - ut - - me . t i- ic u- mit Ia of t i-nc pet - mit - base c - m a r—
re-nt to the lowe - -t  i t - I s o  eenrre nt v u  I cue t a the le f t  of t m - -  peak) is m t - p i t - ’  ‘x I -
m u - m i t e - l u  t l e n’atto at ti’so ent ire base s u m r f i c ’c mi re- i to t h e -  ba se s nn ’f t - m c’e are --u
beyond ti - me a t e  (over to  t ime u t - i se c o n t a c t )  . i’his rt - it ic-s 1 st - s S cal cmi lmm t c- cl t a
be .— 2. 4. h uts ti -me - en -it ire base sun n - f t - i c c  mi s’emm ct - m n be m o p  u- o s i mat - I t a be’ e 1in a 1
t o  the c t - m i te  ar e - mm over ti -me h t - ss u’ ( \ , w i  tim un Iv -m m u - t - m mxl m iumuimt - of a 2i u , e ru-~u r ,  be-
lm t - mvc - m ssmnu m ie c l t i - nt - ut  

~~~~ 
is  S t i l l  st - mi t - i l  h lam’ t i c - o re - — I i rm ab i t - i t -  ion e m lSc ’ .

- 

‘ - ‘ - - -  - ______________ ,____

~~~~~~~~~~~~~
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m m - oc m e - ssi n g of highet’ ox ide - charge , t he effective - interface- st mm t c s density

was reduced .

In ti -me i -iost- i r radi t-mt ion case (10~ liads) for ti - me nou~ al ly processe d

device , the peak ~~~ increased by 1. -i x IO~~ ~~-n ps mci - mile t i-nc m i t  it - i l high oxide

device showed an increase in the peak 1s~ 
of ( u 6  x 10

_ l i  
An-ips. (NOi lt- : ti - me

high oxide dev ice was tes ted t - mt a low er V
Bl~~

) if  t ime assuunpt ion is made ti - mt - ut
N is ti-me only parameter to v t - m m ’ v mei th dose when I

~;o is pea ked , i.e ., that the

relative nminority carrier surface prof i le-  does not change and that ti -ne recounbinat ion
crass—se - e l  ia-n-ms mu m - c rt -mdiation iu-nvarient , ti - met - i t i - ne e io m m n pe in N is approxi—

lit -) 5’

matei v 1 x 10 statcs/cmu ( for the norma l device . This eomuu pa l-es fm ivor t-ubl y

to ti-nat given by’ Sivo me- t - ns ured on-i mm ~10S st m ’ m ictenre. ‘lime same ct - i lcult - m t ion

for tuie high oxide dcv ice’ y ields a ~\ of 1.5 ~ b u Y s t m i t e s / e - n m . It- rain t i - m is ,

the conclusion could lie drawn that ti-nc mm i t e of rmudit -m t ion -i induce-el int e -u ’ft -ic e

densi ty  crc-m i t  ion is dependent on ti - ne - m i t  i t - n i values of O X i U c -  e- hzi r e , Th e

accuracy a I t Ie t e m - m mm s s l t - t - m m t - m t  i am - i s unsed to pet t i - mis con - nc luns b u m  st i i i  need s to

be deter m ine- - m i t - ms di sc - masse-c l  c - mmr l  i cr .  The- results of tIOS ~tencl me - s  ut - imuv help
to c - vt - u lumute the - v t - u i  id i ty  of t h e - s e  cone luns ion - ms.

The t-ubove mi nt - i l vs is is an e - x t - m I : I~u I e of hose t im e  mt - o de ’ I may be u sed to

ana ly:e mi c a i i  m mb l c’ el mn t t- m , mit - net 1oss ibly generate n’c- h mit ionsh bps he-t t-~ee-n ìihys i c - a l

pmmran oeters and rt - mdimit ion c f l e e t s  to deve lop hai ’dness miss unranec te - ci mim Ic unes -

l ime mum - n t - i l u- s i  s a Iso po lu - i ts  o~nt ti - mt - mt a dependency arm Ox i d e iu u ’o ce s s j um p cx i st -

is h i  elm l i t - us  been known for some t imnu’ .

2. 2 . 3 . 2  Bias it -  ft’es_’t s ih n r _n m o g  I n--n-au ) i t - m I l a n . i xpen ’ I t - u - e t - t -  i t - i l  cit - mt mm 1-nt-u s - -

shown ti m mut thim hit - ms mmpp l ie - c l  u i mmu - I  n-mg i m ’ rt - uui i t - mt  ion has an c i  i e c t  a m - n the de -gn ’ t - i - mt m i t  iOTl ft

of DC pt - u in. 2 it - i p t - s u-c 2. 3 1 m s mm goad cxt-un snp Ie- . lie’ a i m serve d tha t  ‘am ’ - i hipo i mi r
t r u m s  m - m t  y r the - built - i n i t - -  It j innet i on-n produced elect  u _ i c  f i e lds  in - n t i - me - ox ide -

I ic-se- lie I ds prot- I ded ti - ne c - on - m ci i t  ion -m s nece ss t - i rv  to  in- nc ret - use t i - me pn- o h t - m l s I I i  ty
for s c ’p t -u ‘ i t  ion at ’ hal c-s and ci e’ct - u n ts  t’roun l os-m i: in -mg u-mu d i t - i t  i onn t n t  c u ’ m i c t  ion- n in-i

.~~u) ,. \ pj o l y ing 
~Bi 

snnodif ic ’ s ti - me f iu’ lcI in t h e  o \ i d e -  by mmc i d i n t t  i s m  t i - eves-Se
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Figure 2.34. Normti alized base current increase vs. total gamma dose for devices

with varyin g junction electric field strengths during irradiation .

bias) a-n’ mih tu - t - i~ t ing fi’oum i ( f cm m - w mim ’ eh hit - i s ) tI’e bui l t—in unet iou potc’ntial .

l’ he refom’e , slu ice ’ im ighei.’ f ic-ids ii ho ox ide’  ~m m’ u - m t c i c e -  higher ge-nc- I-at ion-n of f- i-ee

l- moles to i n f i ue -mmm c the sni’face - potent  i m m~ . o~c ~ou1d pred ict t i l t - i t -  ue \ e - i ’ se - -
b i t - ms t u g  Pc li—B j cnn - met ian-i is the wo m - SI  c t - m o e  condet  ic - -it - f o -  imardness missort - inc -c
sc rc  emit - , .

b - i t - pure ~3 1  t - m l so  s lm o m~s t t - I t - l t er ii~ g m e t -  rcvea’sc ’ — b i m i s e - d  I t - — B  lem net  ions .the
ft -en hi - - i u i j e mc iu d c u t beni Id—up of C t - I i R i  t - - cannot he ig umo rc-c This fac t  wm-n s seenft ‘O~\ 55

ct-m n- i er ir t ime mod el  pu’ c - c i i c t i o ns  s- l en , m m i t - l u - g e -  u - s d j t - m t u ’ i -- nm l im lcc ’ei f i e l d —  mn ~d et - m cf t nJe i mt

bs n i ld — u p of both i i  t- mnc l N it-tel mm i - i  gail i  emms m ~ c-f leet e - i t - i m  t i  st - mit - mu- s ht- m pe -d curve.ss

l i f t  hum ’ iummp o rtm unt un ct n -c I t - - c ’ m -~~ s c - e -~ ‘i- p e - s u n - e t r t - m l l y  n d - n t -n fled .
It us t i - ne m mIcu ’ e j se -  in base -  c t - i n c -m i t S ‘ e - t - e’ u - Se  I I  is t r u g t Ud ’ L s t -~ ice im o u ’ — i o u s c - t l— ~~

)

J u m u m e - t -  non. ‘ i b i s  c o s i e l l t m v n  prouituce~ l t- ’u’ g -  f ie ld  Itn c - s u i m ~i! C-x t i ’ u - m5! i n t o  t-
’ 

ft

higher oxide lm iye - u - s  at-id in to ti - ne - ‘ i - P c u t  S t - j u t - iC e -  hove t i c ’ c-hip. Pivo ii -

rc’ v ne - we - c l  t i n -  av t - m i i t - m i m i c  P t - i t t - i  t ht-i t s mm pp u’u” l s t h i s  n’o~i u ’1 annul m - c - v I  u’iim t-- ‘ i-ne-
m i l l m ie ’s C t - m u - u -  m t - I  ly  m nse ei t o  el iminate h i t - - m  C-It b i t - m s  s I c ’ b m c ’ t t - s l u f t m t - e’e .  ~~ ‘ I’he I t - c - -
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nnost popular technidtues are to (1) reduce the atmosp here diver ti - me c iui p 1 m m a

low ionizing medicnnn , an-md (2) extend the base it - m e l t - il over ti-ic C-B junction so
ti-mat the field lines are confined to the locm ul i :ed  base region-i near the-
C-B junction.~

lie worst  cle - pi ’ t - i d t - i t  ion-i of DC pt - t in (expe - n- iunental  l u )  in mu n — p — m o

trans istan- ace - t i - n - s  when both ,i unct ions au- c- reverse—b i t - j o e - c )  dcii’ i t t - - p  1 i’m- mid I mmt ion.

The ga in-i degn’adat iou-n i - mt - is exper im m - m entm m l iv  shown to  be smmm a 11 c-st fo u mm S t - i t  l i t - i  t ed

dei- iee when -c- both j inrict ian -ms arc fo m - m~ i rd— h ia sed ( h e n c e- m i s m a l l e - m -  f i e l d)  dum’ i nip

irm ’ m ici i at ion. 2 3  b’ hen’e- fou -e - ti -me pred icted dependency of s u m m i t - i c e  pot c - m - nt  it - m i - m m i i

t he appl ic-cl vo l tage elcmring ii’radiation a l- i l- ne - mi t ’s to be v a l i d .

2 . 2 . 3 . 3  Process Variations. Both intentional mum -md unintent ional

process var iat ions in ti - nc oxide properties can have a i t - t u - ge  e f fec t  on

proposed hardness assurance sc - ice - m is.  Ce- same in the last two sc - c t  io ns t i m u t

t b-me trapped oxide charge can result from direct radiation ho le -e lec t ron

generat ion or from indirect charge t u- mum isfer at the surfm ice of ti- me oxide- .  By

app ly ing various lt - iycrs of oxide m ater ials , t i- me -se i-ate-s of charge- buildup

can be changed signif icantly . Stanley d iscc is s e -c l  ti -me cl-manges produced by

g lassi vmtt ion it - m i- - e u- s mind vt - i - n ’ ions elop ing techniqu~ s ii ti-ne oxide’ , ~ -\l I lao’e

their advantages and disadvantages.

Process vt - i c - i t- i t  ion s that m u u- c ’ inn intent iou it-u i ct - mn be- u- c le ’rm’ c- d t m  mis

d i f fe re uoces  in- i l) I’Oeess ing techni ques ( i .e .  , ec lduipmnent , qua l i ty con t ro l - e t c  - ) -

By reducing ti - me con t mu m mi nmt - u nts mit ti - ic- in terface beticcen the Si—Si0 2 l m m v e i ’ s

t i-ne nunm-nber of surface s t m u t c s  is reduced. Non—un iformity’ of tb - m is  cou t - t  m m m m t -  m s - it - mt ion

nmav resu lt in high s ur lmuce stat e gemieration in a randomo dist i- ibt it ion by

tb’me radj mution. A lSo the number of sur fm sce s t m m t e - 5  act ivt - mted by the ioni:ing

u-ad it - u t ion slit - my i-ic reduced . The result of t i - m e - se concep ts  mt - iy exp im i in-i the

cx i ste -u - ice - of ‘‘Bt -mve - u’ie - k s’’ (or “ou t l i e r s  - ~ T hose- dev ices  c le v i t - mte (some—

t n nc-s me II~l 1 y) f - n-ansi t i e  u-mid i t - i t  ion-i response of i - met - i - n ’  n- me ighhor d e v i c e s .  S in - icc -

t he sur lmice pu mt ent it - i l t-mnd m-ii irface- s tm i tc - distil bcut ion mi t-c so iunpom ’tmmnt to

ti - ne - model , changes in t i - ne -  expecte d dist rihut ions by I lmc ’Se - n’ mm m hlonn d isc -a rt —

t inenit ies would cause dille’ u-enccs in the ra di t - u t  ion response. The mibove

It wmms found that ti - ne - m i  I ed d c v  i ces  ice- u- c’ b- ia rcier ti - i t - ms - i  non— - i t  - ml dcvi ce-S ot
tI’ue- sasmue type - and on I mc - san e wa fer .  3 8
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vt -i u - i t - it ions mn t -u y mm Iso show meh y ,  1n tb -nc past , att cu t -m gI s to relate cix idu’ cit - mi r~ e

hub Id—tip to fixed surfm-uce s t t - i t  e- densities have ft-u i led . V~ Procc-ss var i m it io ns

au- c t he- refom ’e a ver y  iimopou-tant cons iderat ion- i  in cieve lop is - np min e hardness

mmssemrt - i nc e procedcures.

2.3 Other Bipolar Structures and App l i ca t ions

In this se - c t  iou- i use - d isc - cuss tI-ic extens iou- i of ti - ne ui- model I m m other

bipo lmmr s t ruc tures (1- i-n—i-i t rans is tars , ,JFETs an- id diodes , at -md in tegrated

circuits) mi s-id a quick look t-ut ti - me i iuipliet- it ion-is for ti -ne s t - mt u u - at iom case-

(i.e. , V 1it-~ 5~ 1 ~) . As we- u ci ll see, p—n—p trmunsistors ct - in - n be modeled

sinnil nu rly t o  n—p—r u except  t i mt - u t a d i f ferent  re-p iano is predominant in d e s cr ib ing

the ioni:ing radiation e f fec ts .  Fan’ Vc F ( S \ T )  little can be said due to ti -ne

1 muck of mmcccm i’ate imm e u le ls desc tubing ti - ne -  S t - m t  c u r t - i t  ion uuiee io t -un I sinus. Tnt pn’c-u’ious

reports on ne-cut ran displ mucenient dt-tmage- , V - 1 7 2 the gemme - u - m u nmodel S pi’OPos e-d

for saturmmt ion-i by sc - vc - m ’ m il soum ’ce - s ieei’c shomcn to be ineffect ive in pm-edict ing

changes in ~~~~~ (S \F)  
The pain- i t i-mi-me n-c mu t u - t - i i m s i st - mt - u- is no longer in s u m it ci m ’ mm t ion

(i.e. , forced gmuin cc~eumu 1 s the natuu ’mu l p t - m i n i  t -uppears to be ti - me sole e x i s t  u n-mg

accu,nrt - ute model in ti-me 
~ri(s \T) 

cm i se - . Ice i-mould expect ti - me n t - i t t - m u - m i  1—pt - t in - n

l ’ m msc- —c m mrrent te n t - m s to i-ic useful for ti -mis c t - use ,

Diodes am -nd JilTs shame ch t -m nge-s in ti -nc u-evc- u’se- cu-n- -n -c -u -mt am-id breakdown

vo Itmu ge ’ , buit t i e  i F i t - b  is much 1110m’u’ s i mocept il-il e- t cm lorti :1mg radi mit ion than’m the

diode. Ih is is b ecm im i sc - the ,J lmbiT also si-moses sign i ficant chmm ngcs in the g mmte

leakage c-current , d r t - u i n — t o — s o c u m c e  c - cnn - n-em - i t mum - n e ) ti -me p inch—of f vo lt ipe ut 11
a 

Rads(Si)

and mu bo ve - -

b m i nt - ml l y t- u section on bi po l t - m r ICs is presented which describes

brie fly’ the i ut - i j u c t  ol’ the -se mode - l i  n-mg e~ f t ’oi’t s is - n more c-out - up I c-s st rmi c tin - n - cs.
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2.3. 1  P-N-P Transistor  DC Gain Degradation

Now ti-mat we have described a model ti -mat incorpor t -mt es ti -me scum - lace

ef fects on n—p-n transistors , it is u’c ’musonable to ex pec t  ti - me -. t - i m : , e -  1uity s i c - s  to

be applicable to i- i—n— P transistors . -\n asseumpt iorm is macic ti - mt - ut t hen- c is ut - u

dopant interaction sith the oxide gu’ow th that is d i f f e r e n t  for n- s0 ’ ; - t t - - pc’

immaterial. Then tb -me main difference botmcc -en n-p-n and ~— n-g 1 rt - - m nS I st ~o’S tht - t

mast be recogni:cd is that the field lines in t i-me c t - s ide -  5 e i t - c  m t - i t  eel by t l t - e  h-B

j einction near t1c surface- farce - ti-me ionizing radiat ion- i m- mdu ce’ei t rt -i~
m 1m c-J ho les

the emitter s ide of time junction (now the p—type m t - mit  c- n t - i l )  - ihis mt - t - e - t - i n s t i t - mi t

posit ive ox i d e  charges can induuce mu s~it -~ce -_ charg e region- i em\ e~i’ t ime ennittcr u- thu- - n ’

than ti-me b m us e . i’hcreforc , ti - me h—B junction - i ct-un i-mi den m m  t he c m u i t t t- mm nd

the in tersect ion - n of the E—B mncta l lmurg ica l  j unt-ct ion m~ u th  ti-me scnrf aee ten - in mcii 1

j f l c u - e - m u S c’ cn immm j m du r tm u nce - .  ‘b’he meidening process is not as s e - y e - i c  mm s 1 st - I S it- bc-

c - muse ’  of t ime- mo _ p - n  trans star due to ti - ne higher dop ing in ti - me e n i i t t c - r  ( c c n l l’ m u s e J
m g

to ti - me - bas e -j  . liven so , the wic ieniu g is more severe than-n mm 1Ci~ cut - i - 
t- i v c - u- t - i c ie

su n ’fm t c e d mpmm t density’ of time - emitter would indicate. Ti-me construc t  b u m  ci

the emitter usual ly is clone by a de f fcusion process throcnph a w i u e t o i s  c - - mt - I  i n t o

the ox be le .  S is ice the ii l I m i t - ;  ion of ’ dopt -unt is s-mat 1 inu m ite ci to tbc’ \ e- rt icmi I di  u’ I u - n .

a difftusion grm mdiemut can develop It- it eu - m i l l  y mu long the s m~i’ f t - i c~ un dc- i- t i - ne m~ nut cc t I S e -

oxide (in the san e fashion mu s far n—p—n t ram is istors)  . Th is ni t - i ke’s t h e  c i t - t i m t - m  u-

less ime - miv i  ly doped t -ut t i-me stnrf mmce nc~\t to the It - — B i tin -met ion mind mu l l  mu5 s the - m c iuie um ing

to be- g re - m i te r  for mn-nod e - u - m i t e -  posit ive eha u-gcs t m - mmppcd iii ti - ne ox ide ’ ,

Eu a lso  it-makes I~ net - mr  t i-nc- s m i u - I m i e d’ siiuuch nmmore si _ct-n i f i e m m n t  tha n t’ou

n —p—n t m m u t - i~~i S t i u-~~. c f t h  a pos i t  ive t - t - m i t e -  hit- is p lt - uce d over  t i ~~ e i t- l i t te r  sturt ’m- i ce

(or pOSitive stin t -ice ‘- mi t  e n t  iai inc m’e - m is  i ng  l m i - Ii  gher eIOSc l c-ye is I , t he e - f t ’e-c -

t ivc emi t ter  cioping decreases - lb is  e f f e c t  occ iu r s  j us t  inc -au’ t i- ic I — i t  ( n u et ion

w i ne- re ’  t I c  dop ing is let - ust dune to t i e -  i t - i t  e r t - m I  ci i f f t ns iomu in t i - n c ’  u -s i t t e r .  i huts ,

eon s i de’ring ~~05 it ive ox ide c - i - mt - urge- e’t ’fe -ets  , t i-ic I I1 ft:~, 
n u- m um shs t n ii he’ e e mi m iem SOn ’

m it p in t  t ’ i ct - u s- it at  t - m io mee u’ - i t  e- c o l t  mm pe ton ’ t ine p u t  — I ru’ m nc l it - m t i on e’li Sd’ . i i  idd’ liOli

add t i e  e -t’fe’et of ine m ’ u’ t - m si ng suu m i t - i c c ’  m t - t i l e - S. t he m mu i u us ln ’ i t v  c - t - u n ’ u - i e’u’ I t - I - m t  u t - t - me’

m i t  t ime smi  n It - ice , , mcii  1 m m  I scm he mm t ’m m s t on’ t i n t - u t  - m t - i  f e - s  
~ll 

unto nc -  s I m u m Ii c t - u t - m i  -

;) t-~’

I
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b t - i e- ld_ independent ge-i tem - mi t ion of oxide charge an-md surfmice st t- ite

density bui1d~ em 1~ aver tb -me - c - mit ire- s t - m u - f t - i c e  (base re-p ions as mccl 1 as cmi t te - m’

reg ion- is) w i l l  therefore be- a cr i t ical  ~- iau ’anucter for eva lu t- i t  ing ioniz ing

u’ t-i el immt ion e ’ f f c - c ts  in i- i--n— i- i  t r a n s i s t o r s .  Modeling for i~
— f l - P t rans is tors  s t i l l

tie-edo to be co m pleted. loni:ing rad iat ion e f f e c t s  in i- i—n— i- i pated t rans is tors

t-ure s hown in Figure P. 3P ,  This ii gin - n - c sim cmoc s simi it -i t’ curves t o thosu’ pre—

sente d ct -m m- h er fan- Lime - gt - t ted n-i — n t rmmnsistor  st ructcn rc but the shape is

m’ e - vem ’ sed .  The acci mmu b ation port ia -n -i of tb-me curve- m - m i i  1 be most iinlmou ’tant for

p r e d i c t  i mug post—ir rad ia t ion e f f e c t s  in p—n—p trmunsist ot ’s.
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